The present study investigates the effects of gaps between the side-walls and 60 ribs on the local heat transfer distribution between two consecutive ribs. The heat transfer and flow visualization experiments were carried out inside a straight rib-roughened duct with the ribs mounted on two opposite side walls with and without the gaps. The results showed that the existence of the gaps appreciably enhances the Nu in the area between two consecutive ribs. It is caused by (1) the introduction of the fresh air through the gaps into this region, and (2) the improvement of the three-dimensional flow structure in the area between the two ribs.
INTRODUCTION
Among numerous heat transfer enhancement techniques, ribs are widely employed to augment the heat transfer performance inside cooling passages of gas turbine blades (see Fig. 1 ). The mechanism of heat transfer enhancement by the conventional ribs is based on the flow separation and reattachment as can be well demonstrated by the transverse ribs that induce basically two-dimensional flow phenomenon. When heat is transferred from the wall to the flowing fluid inside a cooling passage, fluid temperature in the core region is always lower than that near the wall. Therefore, if the cold and higher momentum fluid in the central core region of the channel is by some means carried to the hot area near the wall, heat transfer will be enhanced. In other words, if the secondary flow occurs, the thickness of both velocity and thermal boundary layers on the wall where the flow from the tube core region hits will become thinner and the heat transfer in that region will be augmented. In order to do that, a lot of time has been devoted to a development of an optimal rib configuration, which could augment the heat transfer appreciably and consequently enhance the efficiency of the gas turbine engine.
For example, studies by Han (1984) , Hart et al. (1985) , Rau et al. (1996) , and Mochizuki et al. (1997) studied the heat transfer and pressure characteristics in ribroughened passages with different rib arrangements. They focused on the effects of the Reynolds number and rib geometry on the heat transfer and pressure drop in the fully developed region of a uniformly heated square and rectangular channels. All these studies also showed that the secondary flow induced by the rib inclination augment the heat transfer better than the transverse ribs. Further studies by Johnson et al. (1993) , Taslim et al. 1991 ), Dutta et al. (1996) , Wagner et al. (1992) and E1-Husayni et al. (1994) examined the effects of Coriolis forces, centrifugal force, and buoyancy force on the heat transfer characteristics with different rib configurations. The effects of the 180 sharp turn on the flow, pressure drop, and heat transfer in a serpentine passage have been reported by Cheng et al. (1992) , Chneg and Shi (1996) , Metzger et al. (1984) and Kiml et al. (1998) . Studies by Taslim et al. (1994 ), Dutta et al. (1995 ), Hu and Shen (1996 ), Han et al. (1991 , Ekkad and Han (1997) , Kawaike et al. (1995) , and Johnson et al. (1993) presented the heat transfer results for the parallel, broken, crossed, and V-shaped rib patterns. However, with the advancement of gas turbine technology it became necessary to focus attention on more details, which could augment the heat transfer even further.
The present study focuses on the detailed examination of the influence of gaps (between the 60 ribs and side walls) on the local heat transfer distribution and flow behavior inside a straight rib-roughened duct. Schematic of the heat transfer test section.
"Leading", "Trailing", "Left-Side", and "Right-Side" wall relative to the rotating direction, as shown in Fig. 2 .
Flow Visualization Experiment
The Fig. 3 . Three types of rib configurations identical to the heat transfer experiment were used, but only results from the two mostly distinguished rib patterns with: (1) NG-No Gaps and (2) BG-Big Gaps between the side-walls and ribs are presented in this study.
The flow visualization was conducted under stationary conditions using the particle tracer method, between the 4th and 5th ribs where the flow was fully developed. Water was mixed with the chemical compound NaSO4, which increased the specific weight of the water, so that the particles (about 70 #m in diameter) had the same specific weight with that of water. They were illuminated by an argon laser light sheet (3 mm thick) and photographed by a still digital camera and video camera. The camera exposure time was set to 0.5 second to allow the particles An uncertainty analysis using the ASME Performance Test Codes (ANSI/ASME PTC 19. , was carried out for the heat transfer experiment, and it was estimated that the maximum uncertainties of the Nusselt number were estimated to be less than 9%, for a Reynolds number larger than 10,000.
RESULTS AND DISCUSSION
It is well known from the previous studies that (1) the angled ribs provide better heat transfer enhancement than the transverse ribs due to the development of the secondary flow and (2) to the channel central region. In addition to that, the size of the flow separation behind the 4th rib diminished (see Fig. (e) ) and the flow inside this separation is not circulating as in the previous case, but it is proceeding with a high velocity along this rib. The flow behavior induced by these ribs also creates the secondary flow in the form of two vortices, as was mentioned above, but their rotational momentum is not as strong as it was in the previous case (compare the flow angles in Figs. 7(e) and 5(a). This is caused by a substantial amount of the air proceeding through the gaps between the side walls and ribs, which would be previously forced to hit the side walls and strengthen the vortex rotational momentum. Flow pattern between 4th and 5th ribs with no gaps.
Local Heat Transfer Distribution No Gaps
The local Nu distribution between the 7th and 8th 60 ribs with NG in the area just behind the 7h rib is relatively low (see Fig. 9a ). This is because the relatively large area is covered by the separated flow. Further from the 7th rib the Nu, particularly along the right (l) and central (o) lines of measurement points, appreciably enhances due to the existence of the flow reattachment at this location. This Nu enhancement gradually deteriorates with the increasing distance from the reattachment region due to the boundary layer growth and the flow separation in front of the 8th rib. The boundary layer growth also strongly affects the Nu distribution in the near Left wall vicinity (left line (I)) where the lowest Nu values between 7th and 8th ribs were obtained.
Big Gaps
The strong gap effects on the local Nu distribution at all three lines of measurement points (I, o, and A) can be clearly observed in the case of BG (see Fig. 9(b) ). The local Nu distribution for this case is generally higher and the local maximum moved from the near right-side wall region to the duct central region. In contrast to the previous case, the significant increase of Nu can be seen in the area just behind the 7th rib and along the central line () of measurement points, where the local Nu maximum also was obtained. It was caused by the existence of a strong flow reattachment which was pushed farther from the right-side wall due to the strong flow stream through the gaps between the right-side wall and ribs (confirm in Fig. 8 ). In addition to that, the Nu deterioration in the main flow direction for this case, along the right (A) and left () lines of measurement points, is not as strong as before. It was caused by a slower boundary layer growth, which was interfered by a strong flow stream from the gaps and almost diminished separation behind or in front of the ribs. This high velocity flow stream from the gaps (near the rightside wall) is also responsible for a significant Nu enhancement in the area just in front of the 8th rib (right line () Local Heat Transfer Distribution Under Rotation Figure 11 shows the local Nusselt number distribution between the 7th and 8th ribs on the rib-roughened walls (Leading and Trailing walls) with the effects of rotation. It can be clearly seen from this figure that the rotation causes Nu enhancement 
